Abstract: Urban storm water runoff can carry a wide range of contaminants, many of which exceed federal maximum contaminant levels, into surface water resources (e.g., rivers and lakes). The use of filtration systems has received greater attention for its potential to remove particulate matter and other contaminants. Biochar is expected to have excellent potential as an adsorbent or filter given its large surface area and microporous structure. This study evaluated the potential use of biochar as a filter media through a series of column experiments. A column with an inner diameter of 7 cm (2.75 in.) and a length of 61 cm (24 in.) using biochar as filter media was constructed to examine its effectiveness for the removal of mixed contaminants [total suspended solids (TSS), nutrients, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and E. coli] from synthetic storm water. The results demonstrated that this filter reduced the TSS in the storm water effluent by an average of 86% and the concentrations of nitrate and phosphate by 86 and 47%, respectively. After filtration, the concentration of Cd, Cr, Cu, Pb, Ni, and Zn (heavy metals) decreased by 18, 19, 65, 75, 17, and 24%, respectively. The variation can be explained in terms of the chemical behavior of the different heavy metals as well as the properties of the biochar. Among the three PAHs tested, biochar successfully removed phenanthrene (almost 100% removal efficiency) and achieved 76% removal efficiency for naphthalene but resulted in no removal of benzo(a) pyrene; the average removal for the three PAHs was 68%. Biochar was not efficient in removing E. coli from storm water, and the concentration of almost 7,400 MPN=100 mL in the inflow was reduced to approximately 5,000 MPN=100 mL in the outflow, representing a mean removal efficiency of 27%. Overall, the biochar used in this study showed promise to be an effective filter media for the removal of selected contaminants from urban storm water runoff. However, additional research should be conducted using different types of biochars, produced from different feedstock and production conditions, to determine the most effective biochar that can simultaneously remove multiple contaminants from urban storm water.
Introduction
Storm water runoff from urban areas can lead to multiple negative hydrologic, ecological, and public health impacts due to the waters that receive it (Bratieres et al. 2012; Hatt et al. 2008) . It is welldocumented that the transport of pollutants (generated by anthropogenic and biogenic activities) by storm water runoff from nearby impermeable surfaces (parking lots, roadways, and so forth) can carry a wide range of contaminants into the surface water sources that often exceed the federal maximum contaminant levels (MCLs), negatively impacting the water quality. For instance, the potential for beach water contamination due to storm water runoff in urban settings is often attributed to the lack of engineered storm water systems. Every year, beaches are closed repeatedly due to the presence of disease-causing microorganisms and other pollutants in water that can harm public health. The illnesses caused by this contaminated beach water include conditions such as skin rashes, pinkeye, respiratory infections, meningitis, intestinal symptoms, and hepatitis, among others.
Several best management practices have been developed to mitigate the negative impacts of beach storm water runoff, but many of these are based on volume control (e.g., detention to separate suspended solids) (Kumar et al. 2012; Lloyd et al. 2002) . These practices are not feasible in many urban settings and also do not address the wide range of contaminants that are present in the runoff (Kuang and Fu 2013; Sample et al. 2012; Tafuri and Field 2012) . A limited number of studies focused on integrating detention systems with filtration (Feng et al. 2012; Hatt et al. 2006) . Such systems can separate particulate matter and remove the contaminants from surface runoff (Wium-Andersen et al. 2012) . Still, the performance of these integrated systems depends on available storage, site hydrology, and filter properties (Bratieres et al. 2012; Ying et al. 2012) .
In urban settings and especially in close proximity to beaches, it is difficult to provide an area that is adequate to meet the detention storage requirements. Therefore, the use of filtration systems alone has received greater attention for its potential to remove particulate matter and other contaminants from the storm water runoff (Singhal et al. 2008 ; Siriwardene et al. 2007 ; Vezzaro et al. 2012 ). Storm water infiltration basins have been constructed and used extensively in urban areas to dispose of storm water and compensate 1 for reduced groundwater recharge (Birch et al. 2005; Datry et al. 2003; Dierkes et al. 2006) . A successful filter system should allow adequate flow to avoid any flooding problems and, at the same time, be able to remove a wide range of the contaminants often found in urban storm water, including total suspended solids (TSS), nutrients, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and pathogens (Beecham et al. 2012; Birch et al. 2005; Dierberg and DeBusk 2008; Hipp et al. 2006) . These dual objectives can be fulfilled by the use of permeable and reactive/adsorptive filter materials Hatt et al. 2011; Reddy 2013) . In order to be practical, these filter materials should be readily available, easily replaceable, and inexpensive (McArdle et al. 2011; Reddy 2013) .
Several studies have reported on the use of various potential filter materials, such as sand augmented activated carbon, peat moss, compost, zeolite, aquarium rocks, gravel, cedar bedding, charcoal, corn cobs, garden bark, glass beads, coconut fiber, and kitty litter, that possess good hydraulic properties and are effective in removing TSS and the nutrients commonly found in normal storm water (Gironas et al. 2008; Kandasamy et al. 2008; Kus et al. 2012; Samuel et al. 2012; Seelsaen et al. 2006; Singhal et al. 2008) . Urban storm water contains high concentrations of heavy metals, including lead and organic contaminants such as PAHs (Diblasi et al. 2009; Dierkes et al. 2006; Seelsaen et al. 2006) . In order to treat these contaminants, including nutrients, heavy metals, and PAHs simultaneously under high flow conditions, a filter material with high reactivity is required such that minimal contact with the filter media is adequate (Clark and Pitt 2012) .
Recent studies have focused on the effects of amending biochar on nutrient and contaminant adsorption (Beesley and Marmiroli 2011; Cao et al. 2009; Chen and Chen 2009; Hartley et al. 2009; Liu and Zhang 2009; Uchimiya et al. 2010; Zheng et al. 2012) . Biochar is a carbon-rich product that originates when plant-based biomass is heated in a closed container with little or no available oxygen (Lehmann 2007) . While this process is similar to the production of charcoal, biochar is intended to be applied to soil as an amendment where it can improve the productivity, carbon storage, and nutrient holding capacity (Spokas et al. 2012 ). Though most current research on biochar relates to its use as a soil or landfill cover amendment, it may also be beneficial as a filter for storm water runoff, given that it has many of the same characteristics that are valued for other applications (e.g., high C content and specific surface area). Biochar has a large surface area and a microporous structure (Keiluweit et al. 2010; Lee et al. 2010) . Consequently, it is expected to have excellent potential as an adsorbent or filter media.
The ultimate goal of this research was to develop an in-ground permeable reactive filter (PRF) system that could remove a wide range of contaminants from storm water runoff generated from paved and unpaved source areas near urban areas that are dominated by high-traffic loadings. It is hypothesized that high-permeability material, such as biochar, has the potential to remove the suspended particulate matter, attenuate heavy metals and nutrients, and adsorb or degrade biological pathogens and other organic contaminants. The objective of this study is to quantify the contaminant attenuation and/or degradation capacity and hydraulic efficiency of biochar under different simulated urban storm water runoff conditions.
Materials and Methods
Column Test Setup Fig. 1 shows the column setup used for this study. It consists of an acrylic column with an inner diameter of 7 cm (2.75 in.) and a length of 61 cm (24 in.). A layer of pea gravel with a thickness of 7.6 cm (3 in.) placed at the bottom of the column is topped by 23 cm (9 in.) of biochar, followed by another layer of pea gravel with a thickness of 7.6 cm (3 in.) placed over the biochar. The pea gravel layers at the bottom and top allowed for uniform flow conditions through the biochar. All the layers were separated by stainless steel wire mesh to provide stability and prevent the infiltration of materials between the layers or into the effluent (outflow).
Materials
The biochar selected for the filter material was produced by Chip Energy (Goodfield, Illinois), created by a gasification process (520°C) using waste wood pellets as feedstock. The biochar was received from the supplier in a sealed steel drum. In the laboratory, the biochar was ground and sieved through a 4. sieve, and the material that was retained on a 2-mm (No. 10) sieve was used for the tests. Any fine particles trapped within the biochar may cause increased TSS in the treated storm water in the filter systems. The TSS may significantly impact the contaminant removal efficiencies of the media for two reasons: (1) most of the storm water contaminants have the tendency to adsorb or precipitate on to particle surfaces, and (2) fine particles provide a large surface area for the pollutants to be removed by surface mechanisms. Subsequently, any suspended particles present in the treated effluent may release the pollutants back into the solution. As these are undesirable, the biochar should be washed to remove the fine particles prior to its use in a filter system. In order to assess these effects, biochar was tested under unwashed and washed conditions.
To prepare the washed biochar media, fine particles of less than a 420 μm equivalent diameter were separated from the original unwashed biochar media by a two-step method: (1) dry-sieving to remove fine particles, followed by (2) wet-sieving with deionized water to remove fine fractions that remained. Both dry-sieving and wet-sieving were carried out on a 0. sieve. This two-step method significantly reduced the amount of water required to remove the particulate matter, and it may be an effective method to remove particulates for large-scale filter installations. After it was washed, the biochar was dried at 105°C for a minimum of 24 h or until it was completely dry. Both unwashed and washed Table 1 provides the characterization results.
Synthetic storm water (SSW) was prepared to simulate urban storm water runoff with multiple contaminants (nutrients, heavy metals, and PAHs). The source chemicals used for nutrients were NaNO 3 (for nitrate) and K 3 PO 4 (for phosphate); for heavy metals, they were CdSO 4 (for cadmium), K 2 CrO 4 (for chromium), CuðSOÞ 4 :5H2O (for copper), PbCl 2 (for lead), NiCl 2 (for nickel), and ZnSO 2 · 7H 2 O (for zinc); and for PAHs, they were naphthalene, phenanthrene, and benzo(a)pyrene. The requisite amounts of these source chemicals were weighed and then added to tap water such that the final concentrations were within the typical ranges found in actual storm water under field conditions ( Table 2) . The solution was then stirred for at least 24 h on a magnetic stirrer at room temperature to ensure maximum dissolution of the chemicals. After mixing, any precipitates that formed in the solution were allowed to settle. The clear supernatant was then transferred to a clean tinted glass container and became the SSW used for all the column experiments.
In addition to the aforementioned SSW, separate SSW solutions were prepared with TSS or E. coli. To prepare the TSS SSW, a sample of top soil was collected from the 57th Street Beach (Chicago, Illinois) and dried at 105°C for 24 h. Once dried, the soil was sieved through a 0. mesh to obtain fine particles to represent the TSS particles in field storm water runoff. The sieved material was analyzed for its soluble fraction, and it was found that greater than 99% by mass remained as solids. A known weight of this material was then mixed in deionized water to make up a TSS concentration of approximately 150 mg=L.
To prepare E. coli SSW, a culture of E. coli strain American Type Culture Collection (ATCC) 35,218 was grown overnight on a Petri dish on solid medium. A small streak of the culture was transferred and suspended in a buffer solution. Serial dilutions (10-fold) were then performed to bring the concentrations of E. coli to approximately 5,000 to 10,000 MPN=100 mL in the final solution as determined via comparison with the McFarland Turbidity Standards. IDEXX Colilert-18 tests were carried out shortly before using it in the column tests to accurately determine the E. coli levels present in the prepared SSW. All the apparatus and tools were sterilized before and after each test to prevent cross contamination.
Procedure
A simplified experimental procedure was followed for the column experiments using unwashed biochar. Deionized water was first passed through the biochar column setup for 5 min, and an effluent sample was collected as a blank sample (or clean water effluent). Then, a measured amount (equivalent to three pore volumes of filter media) of SSW was passed through the column, and the entire SSW effluent was collected in a clean glass bottle. This clean water effluent and the SSW effluent samples, as well as the initial clean water and initial SSW samples, were analyzed for contaminants. The contaminants analyzed included TSS, nutrients, heavy metals, and PAHs. Chemical parameters such as pH, oxidation-reduction potential (ORP), and electrical conductivity (EC) were also measured. Based on the initial SSW and SSW effluent concentrations, the amounts of contaminants removed by the biochar were calculated.
Following the flushing of SSW, TSS SSW (approximately three pore volumes) was flushed, and the TSS concentration in the effluent was measured. In general, all the effluent samples that originated from the unwashed biochar showed high amounts of suspended particles in both the clean water and SSW effluent samples. Therefore, an analysis was carried out on the supernatant after the suspended particles were settled out.
For the column experiments with washed biochar, deionized water was passed through the column setup for 5 min, and an effluent sample was collected as a sample blank (clean water effluent). This blank sample was analyzed for contaminants present in the biochar media material (or leachable constituents), including TSS, nutrients, heavy metals, PAHs, and E. coli. Next, a measured volume of the SSW, E. coli SSW, and TSS SSW (each equivalent to three pore volumes of filter media) were flushed sequentially through the column. Effluent samples were collected in clean glass bottles during each flushing sequence. All the initial clean water and SSW samples, as well as all the effluent samples, were analyzed for TSS, nutrients, heavy metals, PAHs, and E. coli concentrations. The differences in the initial and final solution concentrations were used to determine the amount of each contaminant that was removed by the biochar media.
Analytical Methods
The pH, ORP, and EC of filtered samples were measured in accor- under a vacuum through a 4.7-cm-diameter glass fiber, and the residue retained on the filter was dried to a constant weight at 103-105°C. Nitrate and total phosphorus (TP) concentrations in blank, influent, and filtered effluent samples were analyzed using a second derivative ultraviolet (UV) spectroscopy method for the nitrate and the malachite green method for the TP or orthophosphate (APHA 2006) . Because only nitrate salt and orthophosphate salt were used as nutrients in preparing this SSW (SSW-B solution), the test samples could be directly analyzed without the need for digestion to nitrate and orthophosphate species.
The metal concentrations in the blank, control, and filtered samples were analyzed using an atomic absorption spectrophotometer (AAS) in accordance with the USEPA Methods 7,130 for cadmium, 7,190 for chromium, 7,210 for copper, 7,420 for lead, 7,520 for nickel, and 7,950 for zinc (USEPA 2007) .
Polycyclic aromatic hydrocarbon concentrations in the blank, influent, and filtered effluent samples were determined using the external liquid-liquid extraction procedure in accordance with USEPA Method 3,520 C followed by gas chromatography analysis (USEPA 2007) . Agilent Model 6890 GC (Agilent Technologies, Santa Clara, California) equipped with a flame ionization detector (FID) and Column J&W Scientific DB (Agilent Technologies, Santa Clara, California), 30 m × 0.32 mm × 25 μm, were used for the analysis.
E. coli levels in the influent and effluent samples were determined by IDEXX Colilert-18 testing within 6 h of the sample collection in accordance with USEPA Method 600/8-78-017 (USEPA 1978).
All the sample analyses were performed in triplicate to ensure accuracy and reproducibility. All the obtained data were statistically treated for analysis of variance using SigmaPlot software. The initial concentrations of the individual contaminants in the SSW were measured prior to its use in the experiments. Table 2 provides the ranges of initial contaminant concentrations measured in the SSW.
Results and Discussion
pH, ORP, EC, and TSS Fig. 2 shows the pH, ORP, EC, and TSS of the effluents obtained after the different stages of influent injections for both unwashed and washed biochars. The influents used include initial deionized water (designated as IW) and synthetic storm water (designated as SSW) for unwashed media, as well as initial wash water (designated as IW2); three pore volumes of biochar media of synthetic storm water (designated as SSW1, SSW2, and SSW3); and final wash water (designated as FW).
The pH of the SSW was initially 5.9-6.3; it increased slightly in the effluents after passing through the biochar filter media. Variations in the chemical environment, such as initial pH, could affect bacterial growth among the filter media, impacting its removal efficiencies (Foulquier et al. 2011; Khan et al. 2009 ). Usually, drastic changes of pH values can be buffered with the inclusion of limestone (Hossain et al. 2010 ). However, the pH variations with the biochar filter media were small, so the impact of such variation was not considered significant. The ORP of the SSW was 33.3 mV, and it reduced to −8.8 mV in the effluent when flushed through the unwashed media. In washed media, the ORP of the SSW was reduced from 55.4 mV to 12.4 mV, 23.5 mV, and 23.2 mV in the SSW1, SSW2, and SSW3 effluents, respectively, and the final wash effluent had an ORP of 4.6 mV. Such variation may be attributed to the fines present in the unwashed biochar. From this, it can be inferred that oxidizing conditions are present in the washed media effluents and reducing conditions are present in the unwashed media effluents.
The SSW had an EC of 3.5-8.6 mS=cm. Effluent samples generally had low EC values that ranged from 0.7 to 2.4 mS=μm. An increase in the EC of the washed biochar media effluent was observed after SSW flushing relative to that measured following the initial flushing with deionized water. This indicated that some of the ionic constituents in the SSW were most likely eluted, leading to increased EC observed of the effluents. Fig. 2 compares the TSS concentrations in the effluent samples with the concentrations in the initial SSW (denoted by ISSW for unwashed media and ISSW2 for washed media). The SSW contained TSS of 148 mg=L, and it resulted in a very low TSS concentration in the effluent with washed media as compared to that of unwashed media. The TSS concentrations in the effluent during the initial deionized water flushing in the washed media fell below the detection limit. Subsequent flushing of the SSW also resulted in low concentrations of TSS in the effluent (approximately 20 mg=L). The final flush with deionized water showed TSS concentrations that were less than 5 mg=L. Similar results were observed by Jensen et al. (2011) , where the TSS concentration dropped, on average, from 123 mg=L in the inlet to 10.4 mg=L in the outlet from the dual porosity filtration (DPF) layers. In general, the same trends seen in this study were also observed in previous studies of different media. A removal efficiency of approximately 85% was achieved, which was higher than some reported results of 42% by compost (Finney et al. 2010 ), 62.5% by zeolite , and an average of 50% by some other filter materials (Birch et al. 2005) ; this is comparable to the 90% achieved by a multistage filter made of coated porous concrete (Dierkes et al. 2006 ). Fig. 3(a) shows the initial concentrations of nitrate and phosphate in the prepared SSW, as well as the concentrations of nitrate and phosphate in the effluent samples for column experiments with unwashed media. The nitrate concentration was negligible during the initial flushing with deionized water. Then, SSW that contained nitrate at a concentration of 27 mg=L was flushed through the column. The nitrate concentration in the effluent after SSW flushing was less than 4 mg=L. The initial release of phosphate from biochar during initial flushing with deionized water was 0.12 mg=L. After flushing with three pore volumes of SSW that contained 0.57 mg=L of phosphate, the phosphate concentrations in the effluent ranged from 0.3 to 0.4 mg=L. Fig. 3(b) shows the nutrients (nitrate and phosphate) concentrations in the initial prepared SSW, as well as in the effluents obtained after each flushing sequence in the column tests conducted with the washed biochar media. During the initial flushing with deionized water (Sample IW), nitrate was released from the biochar at very low concentrations (<0.12 mg=L). Subsequent flushing of three pore volumes of SSW with a nitrate concentration of 14.46 mg=L resulted in reduced effluent concentrations that ranged from 1.5 to 2.5 mg=L (Samples SSW1, SSW2, and SSW3). The final wash with deionized water (Sample FW) showed the release of nitrate from biochar with a concentration of less than 0.5 mg=L. Overall, biochar demonstrated high removal efficiencies for nitrate that exceeded 85%, which was greater than some previously reported results that ranged from 20 to 65% (Birch et al. 2005; Johir et al. 2009 Johir et al. , 2010 Yi et al. 2010) . Fellet et al. (2011) also observed that the nutrient retention in terms of cation exchange capacity increased as the biochar content increased in the substrates.
Nutrients
No phosphate was released from the washed biochar when it was initially flushed with deionized water [ Fig. 3(b) ]. Flushing with three pore volumes of SSW with a phosphate concentration of 0.82 mg=L showed that concentrations in the effluent ranged from 0.4 to 0.52 mg=L. The final wash with deionized water indicated that biochar was not prone to releasing phosphate. A removal efficiency of 47% for phosphate is comparable to the 51% achieved by the storm water infiltration basin (Birch et al. 2005 ) and 50% by a single filter media that consisted of either anthracite or sand (Johir et al. 2009 ). It confirmed that biochar is a promising alternative adsorbent that can be used to reclaim phosphate from water or reduce phosphate leaching (Yao et al. 2011 ). With an initial zinc concentration of approximately 0.86 mg=L in the SSW, the concentration in the effluents decreased to 0.5 mg=L. Lead was undetected in both the initial SSW and the effluent samples. Fig. 4(b) shows the concentration results for the same heavy metals using the washed biochar media. The initial concentrations of heavy metals in the prepared SSW (ISSW2) are shown. When flushed alone with deionized water, the washed biochar media showed approximately a 0.04 mg=L cadmium concentration in the effluent. A subsequent flushing of three pore volumes of SSW (Samples SSW1, SSW2, and SSW3) showed a reduction in the cadmium concentration from 27.63 mg=L to approximately 20 mg=L. This confirmed that biochar can rapidly reduce the mobility of cadmium (Beesley and Marmiroli 2011; Jiang et al. 2012a, b) . Deionized water used for the final flushing reduced the effluent cadmium concentration to less than 5 mg=L, which indicated that cadmium leaching was not significant.
Heavy Metals
Chromium concentrations in the effluent were tested based on an initial concentration in the SSW (ISSW2) of 4.31 mg=L. Following the initial washing with clean deionized water, the chromium concentration in the effluent was 0.29 mg=L. After three pore volumes of ISSW2 flushing, the biochar showed a removal efficiency of approximately 20%, which (while relatively low) is still more significant than the negligible effect achieved by a normal infiltration basin (Birch et al. 2005; Walker and Hurl 2002) . These results indicated that there is electrostatic attraction of Cr(VI) to the positively charged biochar surface (Dong et al. 2011) . Effluent chromium concentrations after the final washing with deionized water were less than 0.67 mg=L.
An effluent copper concentration of approximately 0.05 mg=L was found with the initial washing with deionized water. Thereafter, three pore volumes of SSW flushing were performed with an initial copper concentration in the SSW of 4.63 mg=L. The results show that the concentrations in effluents were less than 2 mg=L. The final washing with deionized water resulted in 0.12 mg=L of effluent copper concentration. The organic fractions of biochars have high carboxyl contents that can mobilize copper that is retained by an alkaline media (Uchimiya et al. 2010 ). Due to this property, the removal efficiency of 64% by the biochar filter material is more significant than the effects of a series of five sediment trap stations in a wetland that decreased the copper concentration by 48% (Walker and Hurl 2002) . It is comparable to the 73.7% achieved by zeolite ) and 68% by a storm water infiltration basin (Birch et al. 2005) . The removal efficiency for copper could even be increased to 90-93% with various combinations of sand, compost, and other materials in the filter media (Seelsaen et al. 2006) .
The lead concentrations leached from the samples with deionized water flushing were approximately 0.48 mg=L. The concentrations of lead were observed as the three pore volumes of SSW (with an initial concentration of 0.36 mg lead=L) flushed through the washed media. A final deionized wash was also applied, and the concentrations of lead in the effluent from this wash were determined. Observation of these data shows that fairly higher removal efficiencies (>75%) were obtained after flushing with three pore volumes of SSW compared to the removal efficiencies for other heavy metals. The lead removal may be due to adsorption due to both electrostatic and nonelectrostatic mechanisms; however, biochar mainly increased the lead adsorption through the nonelectrostatic mechanism via the formation of surface complexes between lead and functional groups on biochar (Jiang et al. 2012a, b) . Biochar has a large amount of oxygen-containing groups on the surface, which is quite effective for lead removal (Liu and Zhang 2009) . It was confirmed that lead sorption primarily involved the coordination with organic hydroxyl and carboxyl functional groups, which was 38.2-42.3% of the total sorbed lead varying with pH, as well as the coprecipitation or complex on mineral surfaces that accounted for 57.7-61.8% (Lu et al. 2012) . Generally, the lead removal by filter materials seems easier than other metals, producing higher removal efficiencies of 71% by sediments (Walker and Hurl 2002) and 93% by infiltration (Birch et al. 2005) .
The initial nickel concentrations leached from the samples with deionized water were negligible (approximately 0 mg=L in the effluent). The concentrations and calculated removal efficiencies of nickel in the three pore volumes of SSW flushed through the media following the initial deionized wash were significant [ Fig. 4(b) ]. The initial nickel concentration in the SSW was 113.92 mg=L. The first pore volume of flushing produced the lowest concentration of nickel in the effluent but displayed relatively low removal efficiency (less than 20%). The nickel concentrations increased in the second and third pore volume flushing, further reducing the removal efficiency. It is reported that nickel removal occurs through a surface precipitation mechanism (Inyang et al. 2012 ); however, low removal efficiencies observed with the selected biochar require further investigation to identify the causes for the low removal efficiencies. A final deionized wash during the final flushing sequence showed low concentrations of nickel in the effluent.
The initial concentration of zinc in the SSW was 53.55 mg=L. The zinc concentrations leached during the initial deionized water flushing were insignificant. The zinc concentrations in the effluent during subsequent three pore volumes of SSW flushing resulted in high zinc concentrations in the effluent-approximately 40 mg=L-resulting in low removal efficiencies (approximately 20% on average). These results are comparable to the 29% achieved by compost (Finney et al. 2010 ) but less than the 57% achieved by sediments (Walker and Hurl 2002) , 52% by infiltration (Birch et al. 2005) , 67.3% by filtration of zeolite , and 75-96% by filtration with combined materials (Seelsaen et al. 2006) . The relatively low removal efficiency might be due to the competition among different metals for binding sites on the surface of the biochar, which was confirmed for copper and zinc (Chen et al. 2011) . A final deionized wash was also applied, and the concentration of zinc in the effluent was found to be low. Overall, the behavior of the different heavy metals can be explained in terms of their chemical behavior and the role of the organic matter that exists in the filter (Walker and Hurl 2002) . Some physical properties such as particle size might also affect metal uptake (Al-Mashaqbeh and McLaughlan 2012) . Among the filter materials applied in other studies, compost was found to have the best physicochemical properties for the sorption of metal ions (copper, zinc, and lead) compared with the results for sand, packing wood, ash, zeolite, and enviromedia due to its composition (Seelsaen et al. 2006) . Biochar has similar properties because it is also derived from biomass. The heavy metal stabilization ability of biochar, especially for lead and copper, is directly correlated to the amount of oxygen functional groups revealed by the oxygen (O) to carbon (C) ratio (O/C ratio), pH, and total acidity (Uchimiya et al. 2011) . However, the various components on the surface of the filter materials might also lead to concurrent leaching of contaminants such as heavy metals (Guest et al. 2012) .
Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons were not analyzed in the unwashed media column experiments, as the motive for these experiments was mainly to investigate the elution of TSS in the effluent. Fig. 5 shows the initial concentrations of these PAHs in the SSW prepared, and these initial concentrations were 0.67 mg=L (670 ppb) naphthalene, 0.11 mg=L (110 ppb) phenanthrene, and 0.09 mg=L (90 ppb) BaP. No PAHs were detected in the effluent during the initial flushing with the deionized water (approximately 0 mg=L in the effluent). Subsequently, three pore volumes of ISSW2 were flushed, and the concentrations of PAHs were measured in the effluent. Fig. 5 shows the measured average concentrations of the effluent. A final deionized wash was also applied, and the concentrations of the PAHs in the effluent were insignificant.
As shown in Fig. 5 , naphthalene concentration was reduced significantly, which was comparable to the reported 80-95% removal of naphthalene from synthetic runoff by adsorption and filtration (Hong et al. 2006) . Biochar was able to adsorb naphthalene due to its specific interactions with naphthalene (Chen and Chen 2009; Huang and Chen 2010) . Phenanthrene was completely removed, and this shows that the type of PAH plays an important role in the study of removal efficiency. Other studies also reported significant removal of phenanthrene by biochar (Zhang et al. 2010) . Based on the X-ray diffraction and solid state nuclear magnetic resonance results, it is reported that hydrothermal biochars consist of a lot of amorphous aliphatic-C, which may possibly be responsible for its high sorption capacity of phenanthrene (Sun et al. 2011) . In terms of BaP removal, biochar was least successful, with nearly 0.12 mg=L (120 ppb) benzo(a)pyrene detected in the effluent after the second pore volume of SSW. This value is actually higher than the initial BaP in the initial SSW prepared [0.09 mg=L (90 ppb)], a finding that indicated that some BaP may have been previously sorbed onto the biochar surface and leached into the effluent during this stage of the experiment.
E. coli
Column experiments with E. coli were performed using washed media, as unwashed media was unsuitable based on the TSS elution. Fig. 6 shows the E. coli concentration in the SSW prepared initially (ISSW2). Fig. 6 compares the E. coli concentrations in the effluent after the initial deionized water flushing (IW2); in the effluent collected after each of the three pore volumes of SSW (SSW1, SSW2, and SSW3) flushing; and in the effluent after the final wash with deionized water. Overall, biochar showed a low removal rate for E. coli-below 30% on average. Previous studies showed some other filter materials, such as zeolite and activated carbon, to be efficient in removing E. coli from storm water, with a mean removal efficiency of 96% (Birch et al. 2005 ) and 98% (Guest et al. 2012) , respectively. However, those results might be partially due to their relatively higher initial average concentration of almost 70,000 MPN=100 mL compared to a concentration of only 7,400 MPN=100 mL in this study. The microbial removal was usually significantly affected by inflow concentration and antecedent microbial levels (Chandrasena et al. 2012) . Variations in the pH, ORP, and EC of the effluent collected after flushing of E. coli SSW were also measured. The value of the effluent pH after the initial washing with deionized water was approximately 7.2. Subsequently, three pore volumes of the E. coli SSW flushing resulted in pH values that ranged from 7.5 to 8. In addition, the final washing with deionized water resulted in a pH of approximately 7.0. The ORP values after washing and flushing were all negative (approximately −30 mV) and showed negligible change. The EC trends observed in the washed media E. coli flushing tests are analogous to those observed in the unwashed SSW tests, with EC lower than 0.5 mS=μm, which suggests that these media actually reduce the conductivity of the solution in which they are placed. Fig. 7 shows all the removal efficiencies calculated for the different contaminants. Because the removal efficiencies might decrease due to the contaminants released from biochar after flushing with final wash water, it was important to calculate the results before and after the desorption process. These results show that biochar can be effective for the removal of TSS, nutrients, selected metals, and selected PAHs [ Fig. 7(a) ]. While individual efficiencies vary, taken together, the total PAH removal efficiency in this study was approximately 68%, a result that is comparable to 66% achieved by compost (Finney et al. 2010 ) but less than 87% achieved using a mixed layer of approximately 90 cm (35.4 in.) of soil, sand, and organic matter as a filter (Diblasi et al. 2009 ). It was reported that the addition of biochar causes a significant decrease in the concentration of freely dissolved PAHs, ranging from 0 to 57% (Oleszczuk et al. 2012) . Further research is needed to optimize the contaminant removal by investigating different types of biochars and/or combination of biochar with other types of filter media, especially those that are most promising (e.g., zeolite, among others). It was found that after filtration, cadmium, chromium, copper, lead, nickel, and zinc concentrations decreased 18, 19, 65, 75, 17, and 24%, respectively [Fig. 7(b) ].
Contaminant Removal Efficiencies

Conclusions
Based on the column tests performed on unwashed and washed biochar that served as a filter media, several conclusions can be drawn. The filter media reduced the TSS in the storm water effluent by an average of 86% and, similarly, the concentrations of nitrate and phosphate were reduced by 86 and 47%, respectively. Heavy metals such as cadmium, chromium, copper, lead, nickel, and zinc concentrations were decreased by 18, 19, 65, 75, 17 , and 24%, respectively. The removal of heavy metals can be explained in terms of their chemical behavior and the properties of biochar. Overall 68% reduction in the total PAHs was found, but the removal of individual PAHs varied significantly. Phenanthrene was completely removed, 76% of naphthalene was removed; and none of BaP was removed. Biochar was not efficient in removing E. coli from storm water; the concentration of almost 7,400 MPN=100 mL at the inflow was reduced to approximately 5,000 MPN=100 mL at the outflow, representing a mean removal efficiency of 27%. Overall, the removal efficiency of the different contaminants showed that biochar can be used as an effective medium for the treatment of selected contaminants found in storm water. Additional research is warranted to develop a biochar media that can be effective for the removal of all the mixed contaminants found in urban storm water runoff. 
